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Abstract—Impaired balance control during gait can be
detected by local dynamic stability measures. For clinical
applications, the use ofa treadmill may belimiting. Therefore,
the aim of this study was to test sensitivity of these stability
measures collected during short episodes of over-ground
walking by comparing normal to impaired balance control.
Galvanic vestibular stimulation (GVS) was used to impair
balance control in 12 healthy adults, while walking up and
down a 10 m hallway. Trunk kinematics, collected by an
inertial sensor, were divided into episodes of one stroll along
the hallway. Local dynamic stability was quantiﬁed using
short-term Lyapunov exponents (ks), and subjected to a
bootstrap analysis to determine the effects of number of
episodes analysed on precision and sensitivity of the measure.
ks increased from 0.50 ± 0.06 to 0.56 ± 0.08 (p = 0.0045)
when walking with GVS. With increasing number of episodes,
coefﬁcients of variation decreased from 10 ± 1.3% to 5 ±
0.7% and the number of p values >0.05 from 42 to 3.5%,
indicating that both precision of estimates of ks and sensitivity
to the effect of GVS increased. ks calculated over multiple
episodes of over-ground walking appears to be a suitable
measure to calculate local dynamic stability on group level.
Keywords—Galvanic vestibular stimulation, Gait stability,
Lyapunov exponents, Nonlinear dynamics, Accidental falls,
Local dynamic stability.
INTRODUCTION
Recently, there has been a growing interest in
quantifying gait stability using a method based on
nonlinear time series analysis, i.e., local dynamic
stability.
11–13 Local dynamic stability is deﬁned by
‘‘maximum ﬁnite-time Lyapunov exponents’’, which
describe how the system’s states respond to very small
perturbations continuously in real time.
10,13,28 It has
been suggested that dynamic stability of gait can be of
clinical use,
30 speciﬁcally in identifying elderly at risk
of falling, since it was shown to differentiate between
older adults with and without a history of falls.
24
Precise estimation of Lyapunov exponents theoret-
ically requires at least 10
n data points, with n being the
dimension of the attractor, and improves with the
number of ‘‘cycles’’ captured by those data points.
28 In
a recent study, we showed that for human gait data,
limited increases in precision were obtained when using
data series longer than 150 strides (sampled at 50
samples/s).
6 A convenient method of continuously
collecting data over many successive strides is to use a
treadmill. Unfortunately, such large number of strides
may not be feasible for frail elderly or patient popu-
lations and treadmills are relatively expensive instru-
ments. Recently it was shown that inertial sensor data
can be used as an alternative to optoelectronic data for
calculation of Lyapunov exponents of trunk kinemat-
ics during gait.
5 This would allow for data collection in
the typical clinical setting where gait is assessed on a
short walkway. Using inertial sensor data collected
during over-ground walking, where speed can not be
controlled exactly and where the Lyapunov exponent
is calculated over multiple short episodes, would make
this measure more applicable, e.g., to diagnose elderly
at risk of falling. However, it is unknown if this would
compromise the precision of the measure and its ability
to detect impaired balance control (sensitivity). In
addition, although statistical precision of estimates will
by deﬁnition increase monotonically with sample size
(i.e., more episodes), the magnitude of the increase in
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1563precision cannot be predicted in a straightforward
manner, such as in sampling from a normally distrib-
uted population, because consecutive episodes may not
represent independent samples.
Sensitivity of local dynamic stability measures esti-
mated from multiple short episodes of over-ground
walking at preferred walking speed can be investigated
by comparing normal to impaired balance control.
Balance control can be impaired in young adults by
randomly varying galvanic vestibular stimulation
(GVS). Speciﬁcally, the ﬁring rates of the vestibular
aﬀerents are decreased or increased by the anodal and
cathodal currents of GVS,
2 resulting in an observable,
adjustable sway in the lateral direction during
walking.
3,16 It is shown that in subjects facing for-
ward, bipolar binaural stochastic GVS leads to coher-
ent stochastic mediolateral postural sway.
26 Therefore,
stochastic GVS is suggested to quantitatively and qual-
itatively model instability of vestibular origin.
25,26,29
Recently, it was shown that local dynamic stability
measures can detect the impairment of balance control
induced by GVS during treadmill walking at several
walking speeds, including preferred walking speed, in
young adults.
33 The present study used bootstrap
analyses to quantify the increase in precision of esti-
mates of local dynamic stability as a function of
number of episodes used for analysis. In addition, we
tested the hypothesis that GVS would cause a decrease
in local dynamic stability in over-ground walking.
Finally, we quantiﬁed the effect of number of episodes
analyzed on sensitivity to the GVS-induced balance
impairment at the group and individual level.
MATERIALS AND METHODS
Subjects
Ten subjects (7 males and 3 females; mean age
23 ± 2.6 years; height 1.8 ± 0.1 m; and mass 76.3 ±
12.5 kg) participated in the study. Exclusion criteria
were any orthopedic or neurological disorders, or
other injuries that could interfere with gait. Alcohol
consumption was prohibited for 24 h prior to testing.
Subjects ﬁlled in a medical intake form and signed
informed consent. The protocol was approved by the
Local Ethical Committee.
Materials
Portable wireless inertial sensor nodes (Xsens,
Xsens Technology, Enschede, The Netherlands), which
include 3D gyroscopes and accelerometers, were
attached at the back of the trunk over the spine at the
level of T6. Data-acquisition (50 samples/s) was done
with MT Manager (version 1.5.0, Xsens Technology,
Enschede, The Netherlands), and analyses were per-
formed using MATLAB (version 7.5, The MathWorks
BV, Natick, MA, USA).
To apply GVS, ﬂexible, carbon electrodes were
attached with electroconductive adhesive gel (Tac
Gel
TM) over the mastoid bones. GVS was applied
binaurally and bipolarly to each subject by a computer
controlled galvanic stimulator (IDEE, Maastricht
University, Maastricht, The Netherlands). To prevent
adaptation, the galvanic stimulus was composed of a
linear summation of sinusoids with ﬁve diﬀerent fre-
quencies (0.02, 0.07, 0.11, 0.30, and 0.50 Hz), all
starting at a phase of 0 degrees and each having a
maximum amplitude of 0.6 mA. This pseudo-random
stimulus had a maximum amplitude of about 2.2 mA,
irrespective of the electrical conductivity of the skin
and temporal bone.
Procedure
Prior to the measurement, the reaction of subjects to
GVS was tested, although no negative psychological or
mental side eﬀects are known from literature,
2,19 fol-
lowing which the subjects were familiarized with the
sensation of GVS for about 20 s. Some subjects
reported a slightly dizzy feeling or a weak stinging
under the electrodes. The dizziness disappeared after a
few seconds and the stinging was remedied by reat-
taching the electrode.
Measurements were performed during over-ground
walking at preferred walking speed, walking up and
down an approximately 3 m wide and 10 m long
hallway. Each trial, both with and without GVS, lasted
3 min and included on average 20 turns. Participants
were instructed to look straight ahead, since GVS
induces a body sway lateral to the orientation of the
head, regardless of the body orientation.
34
Pre-processing
For each trial, time series of 9000 samples (3 min)
were obtained. These data were analyzed without ﬁl-
tering, because of the complications associated with
applying linear ﬁlters to nonlinear signals.
11,12 For
each subject, the data were divided into episodes, each
episode representing a one-way stroll of 7 strides along
the hallway without a turn. The walking speed was
calculated for each episode, based on the known
walking distance and time elapsed between turns. To
exclude the inﬂuence of data series length on local
dynamic stability measures,
6,15 for each episode a ﬁxed
number of 7 continuous strides was time normalized by
shape-preserving piecewise cubic interpolation to 350
total samples, i.e., an average of 50 points per cycle.
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of data points given a sampling rate of 50 samples/s
and an average stride time of 1.08 s.
Quantifying Local Dynamic Stability
The calculation of maximum Lyapunov exponents
to qualify local dynamic stability requires constructing
a states space from measured data. Although several
studies used ﬁve-dimensional state spaces,
6,10,15 based
on embedding reconstruction methods
31 we preferred a
biomechanical state space consisting of 12 dimensions.
This 12D state space was reconstructed from the 3D
angular velocities along with the 3D linear accelera-
tions of the trunk and their time-delayed copies.
5,18 A
standard time delay of 12 samples was used for the
time-delayed copies, which roughly corresponds to the
derivatives. This approach was ﬁrst proposed by Kang
and Dingwell,
20 who reasoned that a 3D free body has
a total of 12 state variables (i.e., 3D positions, veloci-
ties, orientations, and angular velocities). Recently, it
was shown that such an approach yielded results
closest to the expected value for a known system, and
was most sensitive to differences between conditions.
17
Maximum Lyapunov exponents represent the expo-
nential rate of divergence from nearest neighbor points
on adjacent trajectories in the reconstructed state space,
andthustheresponse to smalllocal perturbations ofthe
system.
11 Positive exponents indicate local dynamic
instability, with larger exponents demonstrating an
increased sensitivity to local perturbations,
11 while
values <0 indicate local dynamic stability.
To calculate maximum Lyapunov exponents,
Euclidian distances between neighboring trajectories in
state space were computed as a function of time and
averaged over all original pairs of initial nearest
neighbors. The short-term Lyapunov exponent (ks)
was calculated from the slopes of linear ﬁts to the ﬁrst
0–0.5 stride of the log of these divergence curves,
rather than to 0–1 stride, since the divergence curve has
been found to be nonlinear after about 75 samples
(Fig. 1).
7 In addition, a recent study has demonstrated
that ks based on a single step was related to the
probability of falling in a passive dynamic walking
model and could therefore be successfully used to
predict stability.
8
It should be noted that the region where the slope
was ﬁtted may not be fully linear, and the exponent
found may thus not be a ‘‘true’’ Lyapunov exponent.
However, it still provides a well-deﬁned metric for
estimating the sensitivity of human walking to small
intrinsic perturbations.
10,21 In addition, this ks (i.e.,
calculated from 0 to 0.5 strides) has been shown to
discriminate fall prone elderly from elderly without a
history of falling.
24
Bootstrapping
A bootstrapping procedure
4 was used to assess the
statistical precision of ks as a function of number of
episodes. Bootstrap analysis can be used for statistical
inferences without requiring assumptions on distribu-
tion of the data. For introductory texts see Zhu.
35 In
addition,bootstrapanalysiscanbeusedtosupportdeci-
sion making on sample size (Efron and Tibshirani
14), as
has been done for biomechanical variables previously
(e.g., van Diee ¨ n et al.
32; Bruijn et al.
6). These previous
applications usually considered nested bootstrap anal-
yses which allow inferences on effects of for example
number of subjects measured as well as number of
measurements per subject. In the present study boot-
strap analyses were performed ‘within subjects’, since
our main focus was on clinical application.
First, ks was calculated for each subject and for each
of the 16 episodes of 7 strides per condition. Next, for
every subject, a sample of a number (n) of randomly
selected episodes was drawn (with n ranging from 3 to
12) for both conditions. A maximum sample size of
n = 12 out of 16 episodes was used, to avoid too much
overlap between the bootstrap samples and thus an
overestimate of the statistical precision. This procedure
was repeated 1000 times for every n.
To express statistical precision of the estimate of ks,
the coefﬁcient of variation (COV), deﬁned as the
standard deviation over the 1000 samples normalized
to the mean was calculated for each sample of n epi-
sodes.
To examine the sensitivity of ks to GVS-induced
balance impairmentasafunction ofnumberofepisodes
atgrouplevel,apairedttestwasperformedoversample
means of all subjects between the two conditions. In
addition, for each individual subject, an unpaired t test
FIGURE 1. Examples of divergence curves and the corre-
sponding short-term Lyapunov exponents (ks), for walking
with GVS (dashed line) and without GVS (dashed-dotted line).
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of n episodes, and one GVS selection of n episodes) was
performed,toquantifysensitivityattheindividuallevel.
Finally, both for the individual and group level com-
parisons, the percentage of the 1000 t test results with p
values above 0.05 was calculated.
RESULTS
All subjects produced the required 16 episodes of 7
strides. The mean walking speed was 1.31 m/s (SD
0.25) when walking with GVS and 1.35 m/s (SD 0.26)
without GVS. In addition, the mean standard devia-
tions between episodes within subjects were 0.080
(SD 0.024) with GVS and 0.083 (SD 0.020) without
GVS. No signiﬁcant diﬀerence between the two con-
ditions was found for either the mean walking speed
(p = 0.149) or the within-subject standard deviation
(p = 0.768).
Averaged over all 16 episodes, ks was higher for
walking with GVS compared to walking without GVS
for most of the subjects (Fig. 2). At the group level, ks
signiﬁcantly increased from a mean of 0.50 (SD 0.06)
during normal walking to a mean of 0.56 (SD 0.08)
when walking with GVS (p = 0.0045), indicating a
decreased local dynamic stability when walking with
GVS.
Although GVS aﬀected ks at the group level, this
effect was less apparent at the individual level.
Whereas walking with GVS showed higher values for
most subjects when averaged over all 16 episodes, a
substantial variation of ks over episodes existed within
each subject for both conditions (see for an example
Fig. 3).
Therefore, the eﬀect of averaging ks over a varying
number of episodes for each subject on the precision
was examined by a bootstrapping procedure. As
expected, the COVs decreased monotonically with an
increasing number of episodes (Fig. 4). For walking
with GVS, the COV decreased from 10% (SD 1.3)
when using 3 episodes to 5% (SD 0.7) for 12 episodes.
Without GVS, the decrease was from 11% (SD 3.1)
to 5% (SD 1.4). The increase in precision above 11
episodes was limited.
In addition, the eﬀect of averaging ks over a varying
number of episodes on the sensitivity was studied. At
the group level, a clear decrease in number of p values
>0.05, indicating an increase in sensitivity, with
increasing number of episodes was found (Fig. 5) with
FIGURE 2. Scatter plot of the short-term Lyapunov expo-
nents (ks) for each subject, averaged over all 12 episodes for
the conditions with and without GVS. Error bars represent the
standard deviation and the diagonal line is the identity line.
FIGURE 3. Variation of the short-term Lyapunov exponents
(ks) calculated for different episodes of one typical subject.
FIGURE 4. The coefﬁcient of variation over 1000 estimates of
the short-term Lyapunov exponent for different numbers of
episodes averaged over all subjects for both walking with
(asterisk) and without (triangle) GVS. Error bars represent
standard error.
SLOOT et al. 1566percentages of p values >0.05 decreasing from 42.0%
when using 3 episodes to 3.5% for 12 episodes.
However, on the individual level, the eﬀect of
increasing number of episodes on sensitivity varied
strongly (Fig. 6). Five subjects showed less than 20%
improvement in sensitivity to GVS when using 12
episodes compared to 3 episodes, whereas the other
ﬁve subjects showed improvements of 27% up to 78%.
DISCUSSION
In search for methods that would allow the use of
the maximum Lyapunov exponent as a measure of
balance impairments in clinical situations, we studied
the eﬀects of diﬀerent numbers of short episodes of
over-ground walking data on the precision and sensi-
tivity of ks. We found a signiﬁcant effect of GVS on ks
at group level, with higher values when GVS was
applied, indicating that ks was able to detect the
imposed balance impairment during over-ground
walking. However, this effect was less apparent at the
individual level. This might be due to the fact that our
healthy young subjects responded differently to GVS,
but our statistical design was not aimed to evaluate
individual responses to GVS. Nevertheless, we showed
that averaging over a larger numbers of episodes led to
a considerable increase in precision, leading to sufﬁ-
cient sensitivity at the group level but not at the indi-
vidual level.
Walking speed inﬂuences local dynamic stability of
walking.
7,12,15 However, no signiﬁcant differences in
mean walking speed or within-subject variance of
speed were found in this study between the two con-
ditions. Therefore, the differences in local dynamic
stability found between the two conditions are most
likely not the result of variation in walking speed
between trials, although speed ﬂuctuations within
episodes could not be determined.
Multiple Episodes
Various studies have described the inﬂuence of time
series length and the number of strides on maximum
Lyapunov exponents and have suggested that trial
lengths of 150 strides or more are needed for precise
estimates of the Lyapunov exponent.
6,21 However,
these large numbers of strides are required when one
single trial is measured, and both Bruijn et al.
6 and
Kang and Dingwell
21 have suggested that measuring
several trials may increase precision. The decrease of
COV and p values >0.05 with an increasing number of
episodes found in the current study indicate that pre-
cision and sensitivity can be improved by using mul-
tiple episodes, instead of using large numbers of
consecutive strides. It should be noted that perhaps not
the ‘‘true’’ Lyapunov exponent is found, since the
region where the slope was ﬁtted may not have been
fully linear. However, the used ks proved sensitive to
small intrinsic perturbations
10 and able to discriminate
fall prone elderly from healthy elderly.
24
A large range of mean ks values (kS = 0.06–3) has
been reported in literature.
6,7,10,13 The mean values
found in the current study were approximately
ks = 0.60 and fall within the same range, but are small
compared with most of the reported values of ks pre-
viously mentioned. The relative low values may be
explained by the small number of strides used in the
calculations: nearest neighbors that lay far apart can-
not diverge far and in longer data series the nearest
FIGURE 5. Bootstrapping results at group level of the per-
centage of p values >0.05 (paired t test), comparing walking
with and without GVS, for the different numbers of episodes.
FIGURE 6. Individual bootstrapping results of the percent-
age of p values >0.05 (unpaired t test), comparing walking
with and without GVS, for the different numbers of episodes.
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6 In addition, different
deﬁnitions of the state space, timescales used for the
calculation of ks, or number of embedding dimensions
may lead to different values of ks.
17
The Eﬀect of GVS on Local Dynamic Stability
The eﬀect of GVS on ks found in the current study is
in agreement with expectations, since GVS is known to
cause instabilities in the mediolateral direction.
16,34
The same direction also appears affected by aging,
27
suggesting a similarity between the effects of GVS and
of aging on balance control. In addition, the effects of
both GVS and aging include higher values of ks.
24,33
According to the literature, the estimated differences in
ks between older and young adults are within the range
of Dks = 10–50%.
9,22–24 When comparing fall prone
and healthy elderly, the estimated difference is Dks =
10–20%.
18,24 In the current study and the previously
mentioned study of van Schooten et al.,
33 the mean
difference due to the effect of GVS was Dks = 10%.
Although walking speed and conditions (treadmill and
over-ground walking) varied in the above-mentioned
studies,
1,7,13,15 this suggests that instabilities induced
by GVS are probably smaller than those induced by
aging and that age-related effects are even more likely
to be detected by maximum Lyapunov exponents.
Implications of the Current Study
The purpose of the study was to ﬁnd a clinically
applicable method to detect balance impairments using
local dynamic stability measures. The results showed
that an increase in precision of ks may be gained by
measuring multiple short trials during normal over-
ground walking. Therefore, no additional equipment is
needed to study walking stability in a clinical setting
and limitations caused by low endurance of patients
can partially be overcome by using multiple short
walking trials. Moreover, the measure can be assessed
with a single inertial sensor on the trunk, which is
portable, small, reasonably cheap, and straightforward
to utilize, since it does not have to be aligned with a
global coordinate system.
5 However, the resulting
precision and sensitivity of ks at 12 episodes was still
insufﬁcient to detect the effect of GVS in each indi-
vidual subject. Nevertheless, since the effect of GVS on
gait stability appeared relatively small compared to
reported effects of aging and pathology, sensitivity to
age-related or pathological balance impairments merits
further study.
Overall, the presented eﬀect of using multiple epi-
sodes on the precision and sensitivity of ks suggests
that this measure is suitable for scientiﬁc purposes
involving group level analysis. However, future studies
should address the sensitivity of local dynamic stability
of gait to differences in fall risk among older adults.
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